I
t is generally accepted that efficient activation of resting T cells requires a secondary signal in addition to signal 1 that is normally provided via specific engagement of the TCR complex with a defined peptide-MHC complex (1) (2) (3) . This signal 2 is generally referred to as costimulation and significantly lowers the number of TCR complexes needed to be triggered for the induction of activation and the acceleration of T cell responses (4) . Characteristic features of an effective costimulation process are induction of high levels of IL-2, prevention of anergy, and enhanced cell survival (5) .
The primary costimulatory pathway in T cells is the ligation of CD28 on T cells with B7.1/2 on APC (6) . Still, mice deficient in CD28 are able to raise immune responses, indicating that molecules distinct from CD28 are also able to exert similar effects (7) . Costimulatory function has been attributed to a number of molecules. Among them, molecules that prolong and favor T cell-APC contact are well established to act in a costimulatory fashion. Two main structures on T cells involved in maintenance of this cellular interaction are CD2 and LFA-1 (8, 9) . Activation of LFA-1, a key structure of the immunological synapse, is one of the first consequences of a T cell signal (10, 11) . Other well-established costimulatory molecules like OX40, CD27, and 4-1BB belong to the TNFR family (6, 8) . A number of non-CD28 costimulators, like CD5, CD44, and CD9 have been reported to exert their effects by favoring the association of TCR complexes with lipid rafts (12) . In addition, CD81 and CD82, like CD9 members of the tetraspan family, have been reported to be involved in T cell activation processes (13, 14) .
CD63 is also a member of this family and was up to now mainly described as a marker molecule for lysosomal-associated membrane protein (LAMP) 3 compartments (also termed LAMP-3)(15). It was studied for its role in cellular spreading (16) and in the pathogenesis of melanoma (17, 18) . Furthermore, CD63 is known as a marker of activation of several cell types including granulocytes and platelets (19 -22) . Of particular importance clinically has become the analysis of CD63 expression on human basophils, which significantly increases upon their activation (23) .
In contrast, there are only a few studies concerning the expression of CD63 on T cells and its regulation and function on these cells (24 -28) . We show that CD63 is induced on T cells upon activation and demonstrate that activation-induced T cell surface CD63 has a number of interesting functional effects. Although blocking CD63 on T cells with soluble CD63 mAb 11C9 impairs dendritic cell (DC)-induced T cell proliferation, cross-linking of CD63 via mAb 11C9 delivers a potent costimulatory signal to T cells. This CD63-based costimulatory signal differs from other CD28 independent costimulatory pathways in its high efficacy and furthermore increases the responsiveness of T cells to restimulation.
were obtained from Dynal Biotech (Oslo, Norway). CFSE for proliferation analysis was purchased from Molecular Probes (Eugene, OR).
Antibodies
Monoclonal Abs 11C9 was obtained by immunizing BALB/c mice with human monocyte-derived DC (mdDC) and selecting for mAbs, which bind to DC and interfere with DC-T cell interactions.
Fab of mAb 11C9 were prepared using the Avidchrom Fab kit (Unisyn Technologies, San Diego, CA) following the manufacturers recommendations. Preparations were purified by FPLC superdex gel filtration (Pharmacia, Uppsala, Sweden) and removal of intact IgG with protein A superdex. The quality of the Fab preparation was checked in binding assays with fluorochrome-labeled Fc-and Fab-specific Abs.
Other murine mAbs that were generated in our laboratory are VIAP (calf intestine alkaline phosphatase-specific) used as nonbinding control Ab, VIT6b (CD1a), VIM12 (CD11b), VIM13 (CD14), CD33-4D3, 1/47 (MHC class II), AAA1 (CD147), VIT4 (CD4), VIT8 (CD8), CD25-3G10, 1-456 (CD58), 5-272 (B7-H1), M80 (CD141), CD5-5D7, VIT12 (CD6), CD7-6B7, VIT14 (CD27), and 7-480 (CD80). The CD14 mAb MEM18 and the CD3 mAb UCHT-1 were kindly provided by An der Grub (Bio Forschungs, Kaumberg, Austria) and the CD19 mAb (BU12) provided by Ancell (Bayport, MN). The mAbs CD16-3G8, CD3 (S4.1) Tricolor, CD83 (HB15) and CD86 (BU63) were purchased from Caltag Laboratories (Burlingame, CA). mAb specific for CD64 (32.2) was from American Type Culture Collection (Manassas, VA) and mAbs to CD28 (Leu28), CD69 (FN50), and CD63 (H6C5) were from BD Biosciences (Palo Alto, CA). For stimulation of T cells the CD3 mAb OKT3 (Ortho Pharmaceutical, Raritan, NJ) was used.
Fluorescence staining
For flow cytometric analysis, cells (5 ϫ 10 5 /ml) were incubated with fluorochrome-conjugated mAbs or unlabeled primary Ab (10 g/ml) for 20 min on ice and washed. For indirect staining, Oregon Green conjugated anti-mouse Ig (Molecular Probes) was used as a secondary reagent. Staining of Fc receptor-bearing cells was done in the presence of human IgG Abs (20 mg/ml, Beriglobin; Aventis Behring, Vienna, Austria). For double or triple staining, cells were incubated with Tricolor-conjugated CD3 Ab, PE-conjugated 11C9 Ab, and FITC-labeled Abs directed against CD25, MHC class II, CD69, CD28, CD27, CD5, CD6, CD7. Analysis was performed by gating on CD3-positive cells. For staining of intracellular CD63 we used the reagent combination Fix&Perm from An der Grub and followed the manufacturer's protocol. Flow cytometric analysis was performed using a FACSCalibur flow cytometer (BD Immunocytometry System, Palo Alto, CA) supported by CellQuest software (BD Biosciences). For the exclusion of dead cells, PI was used.
Cell preparations
Mononuclear cells from peripheral blood were isolated from heparinized whole blood of healthy donors by standard density gradient centrifugation with Ficoll-Paque (Pharmacia).
Monocytes and T cells were separated from PBMC by magnetic sorting as previously described (29) . Monocytes were enriched by using biotinylated CD14 mAbs VIM13 and MEM18 (purity Ͼ95%). Purified T cells were obtained through negative depletion of CD11b, CD14, CD16, CD19, CD33, and MHC class II-positive cells with the respective mAbs (purity Ͼ95%).
DCs were generated by culturing CD14 ϩ monocytes in the presence of GM-CSF (50 ng/ml) and IL-4 (100 U/ml) for 7 days (29) . For the generation of mature DC, LPS (1 g/ml) was added to DC cultures on day 6 of cultivation.
Activated T cells were generated by culturing PBMC (1 ϫ 10 6 /ml) up to 3 days in the presence of soluble PHA (5 g/ml), plate-bound CD3/ CD28 mAbs (1 g/ml and 2 g/ml) or allogenic DC (ratio 1:10).
Generation of the BwCD64, BwCD64/CD80, and the BwCD64/ CD63 cell line
The generation of the murine thymoma cells Bw5147 (referred to as Bw cells throughout this work) expressing CD64 or CD64/CD80 is described elsewhere (30) . To generate the BwCD64/CD63 cell line BwCD64 cells were retrovirally transduced with the human CD63 cDNA. From the cell pool, CD63 ϩ cells were selected by MACS to obtain the BwCD64/CD63 cell line.
T cell proliferation assays
For T cell proliferation assays, highly purified T cells were cultured with the respective stimuli in 96-well cell culture plates (Corning; Costar, Vienna, Austria). For the last 18 h [methyl-3 H]TdR (ICN Pharmaceuticals, Irvine, CA) was added. Cells were harvested and incorporated [methyl-3 H]TdR was measured on a microplate scintillation counter (Packard; Topcount Instrument, Meriden, CT). All T cell proliferation assays were performed in triplicate.
For the primary MLR, allogenic, purified T cells (1 ϫ 10 5 /well) were cocultured with graded numbers of DC for 5 days in presence of mAbs at a final concentration of 10 g/ml.
For stimulation with Ab-coated beads T cells (1 ϫ 10 5 /well) were cultivated with graded numbers of Dynabeads T cell expander for 4 days in presence of mAbs at a final concentration of 10 g/ml.
For T cell stimulation with the Bw cell lines, BwCD64/CD63, BwCD64/ CD80, and the control BwCD64 cells were irradiated (6000 rad) and incubated with purified anti-CD3 mAb (final concentration 10 ng/ml) or with mAbs to CD3 and CD28 (final concentration, 10 ng/ml each) and added to flat-bottom 96-well plates (2.5 ϫ 10 4 cells per well). Purified human T cells (5 ϫ 10 4 ) were added to each well and cocultivated for 3 days. For T cell stimulation with plate-bound Abs, 96-well flat-bottom plates were incubated over night at 4°C with either CD3 (1 g/ml) alone or in combination with CD28, CD63, or CD147 Abs (2 g/ml). Plates were washed and blocked with medium containing FCS for 4 h at room temperature. Purified human T cells (5 ϫ 10 4 ) were added and T cell proliferation was measured after 96 h of culture. For cytokine measurement culture supernatants were harvested after 72 h and cytokines were measured as described (31) .
In restimulation experiments, 1 ϫ 10 5 purified T cells per well were cultured for 7 days in presence of the following combinations of platebound mAbs: CD3/CD147, CD3/CD28, or CD3/CD63. After 7 days of primary culture, cultured T cells were harvested and restimulated using either plate-bound mAbs (CD3/CD28 or CD3/CD63), or different types of allogenic APC (immature DC, mature DC, or monocytes, ratio 1:5) for 2 days.
Measurement of number of cell cycles by CFSE staining
CFSE labeling was performed as previously described (32) . Briefly, T cells (5 ϫ 10 5 /ml) resuspended in PBS were incubated with 5 M CFSE for 4 min at room temperature. The staining process was stopped by addition of medium. Cells were washed, resuspended in medium, and used for proliferation assays as described. At the indicated time point cells were harvested and washed in PBS and analyzed by flow cytometry. Dead cells were excluded by using PI. To assess proliferation of the CD4 ϩ and the CD8 ϩ subset, cells were counterstained with Abs to these molecules.
Assessment of apoptosis
T cells were incubated with immobilized mAb in 96-well at 37°C for 3 or 7 days. Apoptosis was assessed by staining with FITC-labeled annexin V (Caltag Laboratories) and PI and flow cytometric analysis. Annexin Vpositive and PI-negative cells were scored as apoptotic cells.
RT-PCR analysis of Bcl-2 and Bcl-x L expression
T cells were stimulated with immobilized mAb for 72 h and used for RNA preparation. RNA (1 g) was used for cDNAs synthesis using oligo(dT) priming. cDNAs were amplified with primers specific for Bcl-2 (5Ј-CTCTT CAGGGACGGGGTGAA-3Ј and 5Ј-TGGATCCAGGTGTGCAGGTG-3Ј) and Bcl-x L (5Ј-CTGAGGCCCCAGAAGGGACT-3Ј and 5Ј-GTCCCTG GGGTGATGTGGAG-3Ј), and control primers specific for G3DPH (5Ј-TCAAAGGCATCCTGGGCTACA-3Ј) and 5Ј-GAGGGGAGATCCA GTGTGGTG-3Ј).
Retroviral expression cloning
cDNA cloning was performed as described by us before (30) . Briefly, a retroviral cDNA library derived from immature and mature mdDC was expressed in Bw cells. Cells expressing the 11C9 Ag were repeatedly enriched by MACS. Single cell cultures were obtained by limiting dilution culture and genomic DNA was prepared from cell clones expressing the 11C9 Ag. The cDNA inserts were PCR amplified from genomic DNA with primers specific for the flanking retroviral sequences using the Expand PCR system (Roche Applied Sciences, Mannheim, Germany). The obtained PCR products were gel-purified and cloned using Topocloning (Invitrogen Life Technologies). Selected plasmids were transfected into 293 T cells using LipofectAmine to confirm that mAb 11C9 reacts with the protein encoded by the isolated cDNA.
Results

Monoclonal Ab 11C9 inhibits DC-induced T cell proliferation
The aim of this study was to identify immunoregulatory cell surface structures involved in DC-T cell interaction. For this purpose mAbs were tested for their capacity to modulate the stimulatory function of DC. mAb 11C9 fulfilled these criteria. Its addition to MLR at culture onset consistently reduced the proliferative response of T cells to allogenic DC (Fig. 1) . The mean inhibitory effect obtained by addition of mAb 11C9 was 43 Ϯ 15% ( p Ͻ 0.05; n ϭ 4). mAb 11C9 exerted its effect independently of the type of APC used because it was also observed with mature DC, which are potent T cell activators, and with monocytes, which only induce weak T cell stimulation (data not shown).
Monoclonal Ab 11C9 recognizes the CD63 Ag
The observed functional capacity of mAb 11C9 prompted us to identify the Ag recognized by this mAb. For this purpose we screened a retroviral expression library from mdDC (30) with our mAb. Transduced cells expressing the 11C9 Ag were isolated by MACS and used for preparation of genomic DNA. A PCR product (0.9 Kb) obtained from a single cell clone ( Fig. 2A ) was introduced into an eukaryotic expression vector, and 293 T cells transfected with this construct were selectively reacting with mAb 11C9 (Fig.  2B ). The nucleotide sequence of our 11C9 cDNA clone was found to be identical with the sequence of CD63 (GenBank accession number GI33876593). CD63 is a member of the tetraspan family, also known as LAMP-3, LIMP, lysosome-integrated membrane protein, or melanoma-associated Ag.
Cellular reaction pattern and time kinetics of expression of CD63
CD63 has previously been described as a marker of the myeloid cell lineage and is routinely used as an activation marker of basophil granulocytes (23) . Lymphocytes have been reported to be CD63 negative (24) . Using our CD63 mAb 11C9, we found the expected expression profile with intracellular and extracellular expression of monocytes and DC, intracellular expression in resting granulocytes, and surface expression of CD63 on granulocytes only upon activation. Regarding T lymphocytes, we identified a small subset (3-5%) of peripheral blood CD3 ϩ T cells that displays CD63 on the cell surface. Strong intracellular reactivity with our mAb was found in the majority of the CD3 ϩ T cells (Fig. 3A) . However, upon activation with PHA, mAbs against CD3, CD3 and CD28, or allogenic APC most T cells were induced to express large amounts of cell surface CD63 (Fig. 3, A and B) . Surface CD63 expression was induced to a similar extend on CD4 ϩ and CD8 ϩ T cells (Fig. 3C ). The kinetics of this activation-induced surface expression of CD63 are fast. Expression can be detected after 5 h, similar to the established and widely used early activation marker CD69, although the expression level of CD63 is lower. Activation-induced CD63 expression increases up to 72 h whereas CD69 expression already declines by this time point (Fig. 3D) .
Interestingly when further analyzing the population of CD63 ϩ peripheral T cells in triple staining experiments, we found that these cells were distinct from CD69 ϩ and CD25 ϩ or MHC class II ϩ T cells (Fig. 3E ). These cells thus characterize a population that differs from activated T cells.
CD63 surface expression on APC has no influence on their T cell stimulatory capacity
Because our results showed that CD63 is not only found on DC but also strongly expressed on activated T cells, the inhibitory effect of mAb 11C9 could either result from binding to T cells or DC. To clarify this, we first performed a number of experiments to test whether interaction of mAb 11C9 with CD63 on DC is responsible for the reduced proliferative response of T cells in an allo-MLR. First we tested whether interaction of mAb 11C9 with CD63 has an effect on the in vitro differentiation or maturation of mdDC. Presence of our mAb did not interfere with these processes as we could not see any alteration in the expression profile of markers for DC differentiation and maturation (Fig. 4, A and B) .
In addition a similar inhibitory effect of DC-induced T cell activation was seen when adding Fab of 11C9 instead of whole Ab to an allo-MLR further excluding the possibility that a signal delivered by CD63 mAb to DC is responsible for the observed effects (data not shown). In additional experiments we pretreated DC with CD63 mAb 11C9 or a control mAb (M80), removed nonbound Ab by washing and added the DC to allogenic T cells. Under these conditions, mAb 11C9 had no inhibitory effect on T cell stimulation (Fig. 4C) .
To study the effects of CD63 surface expression directly we used artificial APC. We used stable transfectants of the murine thymoma cell line Bw expressing the human high affinity Fc receptor CD64 (BwCD64). These cells were further transduced to coexpress either CD63 (BwCD64/CD63) or as a control human CD80 (BwCD64/CD80; Fig. 5A ). All transductants can be efficiently loaded with mAbs via the high affinity Fc␥R CD64 (30) . BwCD64/CD63 cells, like BwCD64 cells loaded with CD3 mAb alone, cannot induce highly purified T cells to proliferate, indicating that CD63 on APC is not able to costimulate the activation of the TCR complex (Fig. 5B) . In contrast, BwCD64/CD80 induced strong T cell proliferation when loaded with CD3 mAb alone. In the presence of CD3 and CD28 mAbs, all three cell types were able to induce T cell proliferation. Expression of CD63 on the artificial APC, however, had no influence on T cell stimulation mediated by cross-linked CD3 and CD28 mAbs (Fig. 5B) .
Taken together our results indicate that CD63 on APC does not act in a costimulatory manner and that the effects observed with mAb 11C9 are not due to the delivery of a negative signal to DC. Therefore it is likely that mAb 11C9 exerts its inhibitory effect by interacting with CD63 on T cells. Because Fab of 11C9 has a similar effect as whole Ab (data not shown) transduction of a negative signal to T cells by our Ab is improbable. Interestingly, presence of CD63 mAb 11C9 did not affect T cell activation mediated by CD3/CD28 mAb coated beads (data not shown). Thus it is likely that mAb 11C9 blocks the interaction of a costimulatory DC structure with CD63 on T cells.
Cross-linking of CD63 provides a costimulatory signal to T cells
To investigate whether a costimulatory signal can be delivered to T cells via CD63, the effects of plate bound mAb 11C9 alone or in combination with other mAbs were analyzed. Purified T cells were cultivated with plate-bound CD3 mAb alone or in combination with CD28 mAb, CD63 mAb, or a binding control mAb (AAA1). CD3 mAb alone only led to a very weak T cell proliferation as did the combination of CD3/control mAb. The slightly reduced T cell proliferation obtained with CD3/control mAb compared with CD3 mAb alone is probably due to a reduced amount of immobilized CD3 mAb in the presence of a second mAb. Stimulation with CD3 mAb together with CD28 mAb led to strong T cell proliferation, but, surprisingly, the use of immobilized CD63 mAb in combination with CD3 mAb induced proliferative rates in T cells that were as strong. CD63 mAb alone did not induce any T cell proliferation (Fig. 6A) . Plate-bound CD63 mAb was also able to further enhance CD28-costimulated T cell proliferation in some but not all experiments and could induce activation of T cells in combination with low amounts of CD3/CD28 mAbs that when used alone did not show any effect (data not shown).
T cell stimulation with immobilized CD3 and CD63 mAbs did not only result in strong proliferation but also in comparable or even higher induction of the activation markers CD69 and CD25 on T cells (Fig. 6B) . Interestingly, in contrast to CD28 mAb, soluble CD63 mAb was not able to enhance CD3-triggered T cell proliferation (data not shown). As solid phase immobilization to the plate surface is required, strong cross-linking seems to be necessary for costimulation via CD63.
To further characterize CD63 costimulation, the kinetics of T cell proliferation were studied with the CFSE labeling technique. Compared with CD28 costimulation, the number of T cells that did not proliferate was slightly higher. However, the majority of CD63 costimulated cells did enter cell cycling and underwent comparable numbers of cell cycles during 7 days as CD28 costimulated cells (Fig. 6C) . At earlier time points we could, however, notice a small delay in the onset of cell cycling in T cells costimulated via CD63 (data not shown). This could be explained by the fact that CD63 needs to be induced before stimulation. Similar to costimulation via CD28, costimulation via CD63 led to proliferation in both the CD4 ϩ and the CD8 ϩ subset (Fig. 6C ). Purified CD8 ϩ T cells could be also very efficiently activated via immobilized mAb to CD3 and CD63 (data not shown) indicating that costimulation of CD8 ϩ T cells via CD63 does not require CD4 ϩ T cell help.
Costimulation via CD63 induces IL-2 production in T cells
The induction of sufficient and prolonged IL-2 production is necessary to generate activated T cells that are fully functional. CD28 and non-CD28 costimulators have been reported to differ in this aspect (33) (34) (35) . We therefore analyzed the IL-2 production induced by CD3 mAb alone or in combination with CD63 or CD28 mAbs. Purified T cells were cultivated in the presence of immobilized mAb and cell culture supernatant was harvested on day 3. As expected almost no IL-2 was produced by T cells stimulated with CD3 mAb alone. CD3/CD63 mAbs however induced levels of IL-2 comparable to CD3/CD28 mAbs stimulation (Fig. 6D) . Furthermore, the presence of both CD28 and CD63 mAb with CD3 mAb resulted in higher IL-2 production compared with T cells costimulated via CD28 only, indicating that CD28 driven costimulation can be further enhanced via CD63. T cells activated via CD3/CD63 also produced IFN-␥ in amounts comparable to CD3/ CD28 stimulated T cells (Fig. 6D) . Also purified CD8 ϩ T cells produced comparable amounts of IL-2 and IFN-␥ when costimulated via CD63 and CD28 (data not shown).
Taken together, these results demonstrate that regarding proliferation and cytokine-induction, CD63 seems to be able to deliver a costimulatory signal to T cells as potent as CD28.
CD63 costimulation leads to induction of survival genes
T cells fully activated by signal 1 and signal 2 up-regulate antiapoptotic pathways. Many of the CD28 independent costimulatory pathways, however, have been reported to induce brief T cell activation followed by apoptosis (5, 35) . We therefore compared T cells costimulated via CD28 with CD63 in this aspect.
We performed annexin V staining after 3 or 7 days of T cell activation with plate bound mAbs. No signs of enhanced apoptosis of CD3/CD63 mAbs stimulated T cells compared with CD3/CD28 mAbs stimulated T cells could be detected even after prolonged cultivation (Fig. 7A) . Furthermore, induction of the survival genes Bcl-2 and Bcl-x L was comparable in T cells costimulated via CD28 and CD63 after 72 h of stimulation (Fig. 7B) . We could however notice a delayed induction of survival genes when measuring Bcl-2 and Bcl-x L expression at earlier time points (data not shown). This is in line with a delayed onset of proliferation that was observed in T cells upon CD63 costimulation compared with T cells costimulated via CD28.
T cells costimulated via CD63 show enhanced responsiveness to restimulation
Many of the CD28-independent costimulatory pathways have been reported to induce only brief T cell activation that is followed by unresponsiveness (5, 35) . We therefore compared T cells costimulated via CD28 with CD63 regarding their capacity to respond to secondary stimulation.
For that purpose, purified T cells were cultivated in presence of different immobilized mAbs. After 7 days the cells were harvested and restimulated with CD3/CD28 or CD3/CD63 mAbs for another 48 h. To control viability, we also restimulated the T cells with PMA/ionomycin. Although T cells prestimulated with medium or CD3 mAb alone showed no or only very weak responsiveness to restimulation, T cells activated during the first round of stimulation via triggering CD3 and either of the two costimulatory molecules fully responded to secondary stimulation (Fig. 8A) . Furthermore, cells activated in primary cultures via CD3/CD63 even responded in the second stimulation better than CD3/CD28 primed cells ( p Ͻ 0.01; n ϭ 6).
We tested next whether this enhanced responsiveness of CD63 costimulated T cells is also found when restimulating these cells with APC. Also in these experiments, we measured higher proliferative response of T cells costimulated via CD63 in the primary stimulation ( p Ͻ 0.05; n ϭ 5) (Fig. 8B) . This enhanced responsiveness of T cells preactivated via CD3 and CD63 was obtained regardless whether immature DC, mature DC, or monocytes were used to restimulate T cells.
Our results indicate that T cells can receive a strong costimulatory signal via CD63. In many aspects these T cells show no functional differences to T cells activated via the primary costimulatory molecule CD28. They have however a higher capacity to respond to secondary stimulation.
Discussion
During T cell activation costimulation is an essential process, influencing the outcome of the immune response: In presence of costimulatory signals T cells become efficiently activated, whereas absence of costimulation leads to anergy (1) (2) (3) .
We describe in this study CD63 as a novel potent, activationinduced costimulatory structure on T cells. We show that although only a small percentage of resting T cells displays CD63 on the surface, this molecule is quickly induced upon T cell activation in vitro. Activation via TCR triggering alone is sufficient to up-regulate CD63 surface expression. Targeting these CD63 molecules on T cells has functional implications: Binding of intact mAb 11C9 or its Fab to CD63 on T cells consistently inhibits their responses to allogenic mdDC, whereas cross-linking of CD63 with mAb 11C9 can costimulate the activation of the TCR complex in human T cells. These findings lead to the conclusion that CD63 might be involved in the delivery of a costimulatory signal.
A yet unidentified structure expressed on APC seems to be responsible for this activation via CD63, as blocking of CD63 by mAb 11C9 inhibits the T cell response to DC, but not to CD3/ CD28 mAb-coated beads. Cross-linking of CD63 via immobilized mAb might therefore act in an agonistic manner for this DC structure. This effect seems, however, to require interaction with a specific epitope on CD63 as the commercially available CD63 Ab H6C5, while also inhibiting DC induced T cell responses, is not able to act in a costimulatory fashion with CD3 mAb when presented in solid phase bound form (data not shown).
There are at least two possibilities how CD63 could be involved in the transfer of a costimulatory signal from DC to T cells. First, CD63 could be the receptor of a costimulatory signal provided by DC. Although no ligand for CD63 has been described so far, other members of the tetraspan family have recently been reported to be able to act as receptors (36, 37) . Therefore it is conceivable that CD63 directly interacts with a yet unidentified ligand on DC. In contrast, tetraspans are well known for their multiple cis-interactions and associations that build up a so called tetraspan network (38 -43) . Thus binding of mAb 11C9 might alter the interaction of CD63 with a molecule that is a critical receptor for a costimulatory signal delivered by DC. The involvement of a CD63-associated molecule could also explain the requirement for strong cross-linking, achieved by immobilizing mAb 11C9 to plastic surfaces, to induce CD63 triggered costimulation in T cells.
We show for the first time that CD63 has a costimulatory function on T cells. It shares this capacity with a number of other molecules aside from CD28, which is generally considered the primary costimulatory molecule on T cells (6, 44) . Among these molecules are several members of the tetraspan family (6, 13, 14, (45) (46) (47) (48) (49) (50) . Costimulation via molecules distinct from CD28 seems in most instances not to be sufficient for inducing full T cell activation (6, 33) . This was also seen with costimulation via CD9, the tetraspan molecule most widely examined in this context (35) . The main deficiency in this CD28-independent costimulatory pathway appears to lie in the induction of IL-2, resulting in insufficient antiapoptotic signals, which leads to only brief activation of T cells followed by apoptosis (5, (33) (34) (35) (51) (52) (53) . We did not, however, notice marked differences regarding T cell proliferation, up-regulation of activation markers, and, most importantly, IL-2 production when comparing T cells costimulated via CD28 and via CD63. Furthermore, we did not observe enhanced apoptosis induced by CD63 costimulation and we found comparable induction of the survival genes Bcl-2 and Bcl-x L in both costimulatory pathways. These results clearly set CD63 apart from other tetraspan molecules with costimulatory properties, but also from other non-CD28 molecules that were described to be able to costimulate T cell activation. Experiments in which we compared the costimulatory capacity of immobilized mAb with other inducible costimulatory molecules (CD9, CD40 ligand, CD134/OX40) with CD63 mAb 11C9 confirmed the unique capacity of this Ab to provide a potent costimulatory signal leading to sustained T cell activation (data not shown). A possible explanation of the CD28-like function of CD63 might be the PI3K binding motif, TXXM, expressed on the short cytoplasmic tail. This motif can be found in several molecules important for the fate of activated T cells such as CD28, ICOS and TRIM (54) but not in other tetraspan molecules described to be involved in T cell activation or in LFA-1, CD2, CD27, OX40, 4-1BB, CD40 ligand, CD5 or CD44. Furthermore, CD63-mediated costimulation is inhibited by the PI3K inhibitor Wortmannin in a similar manner as CD28 costimulation (data not shown). Aside from this CD28-like function of CD63 in primary activation we found it striking that T cells stimulated via CD3/CD63 mAbs showed even stronger responses upon restimulation than CD28-costimulated T cells. T cell activation is tightly controlled by surface and cytoplasmatic molecules to conserve T cell homeostasis (55) (56) (57) (58) . We found that costimulation of T cells via CD63 led to enhanced responsiveness regardless whether these cells were restimulated with immobilized Abs, allogenic APC, or mitogens. Thus it seems more likely that this feature of T cells costimulated via CD63 is due to altered regulation of components of their intracellular signaling machinery than due to differential expression of stimulatory or inhibitory surface molecules. In agreement with that, we did not detect any evidence for changes in the expression profile of a number of surface molecules involved in costimulation in those T cells (data not shown).
Summarizing our results, we suggest that CD63 as an activationinduced costimulatory structure is involved in a reinforcing system: CD63, stored in the cytoplasma in resting T cells, is transported to the plasma membrane upon incipient activation. It allows APC to deliver a potent costimulatory signal to T cells that further sustains and amplifies the ongoing activation, resulting in efficiently stimulated T cells.
In the light of evidence for a CD63-dependent costimulatory pathway presented in this study, CD63 surface expression in a small subset of peripheral T cells might have functional consequences. Because we provide evidence that T cells can receive a strong costimulatory signal from APC via CD63, it is tempting to speculate that in vivo these cells might act in first line of defense upon antigenic challenge. We are therefore trying to phenotypically and functionally characterize these CD63 ϩ peripheral T cells in current studies.
